Mutations in the bone morphogenetic protein receptor type II (BMPR2) gene may result in the development of pulmonary arterial hypertension (PAH). However, the contribution of disease-causing mutations to the disease characteristics and responsiveness to recent treatment remains to be elucidated. We report three Japanese cases of advanced PAH with novel BMPR2 mutations, including two splicing mutations (IVS8-6_7delTTinsA and IVS9-2A4G) and one deletion (c.1279delG) mutation.
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Pulmonary arterial hypertension (PAH) is characterized by the progressive proliferative vasculopathy of small pulmonary arteries resulting in increased pulmonary vascular resistance (PVR) and right ventricular failure. In~75% of the cases of heritable PAH (World Health Organization (WHO) group 1), mutations in the gene encoding bone morphogenetic protein receptor type II (BMPR2) have been observed. 1 BMPR2 signaling-related genes, such as ACVRL1 (also known as ALK1) and ENG, are also known causative genes. [2] [3] [4] The role of BMPR2 signaling in the maintenance of the pulmonary vasculature has been verified using several animal models. [5] [6] [7] [8] BMPR2 is a 190-kb gene with 13 exons that encodes type II transforming growth factor-β (TGF-β) serine/threonine kinase receptor (BMPR2). Until recently, more than 450 mutations have been identified in BMPR2, and these mutations are spread throughout the gene.
9,10 PAH patients with BMPR2 mutations have higher disease activity than those without BMPR2 mutations; 11 however, a recent combination therapy with an endothelin receptor antagonist, a phosphodiesterase type 5 (PDE5) inhibitor, and a prostaglandin I2 (PGI2) analog was able to improve the prognosis of certain patients with idiopathic PAH. 12 Thus, further research is warranted to clarify the relationship between BMPR2 mutations and disease characteristics.
Here, we report three novel mutations, including two splicing mutations (IVS8-6_7delTTinsA and IVS9-2A4G) and one deletion (c.1279delG) mutation, in the intracellular serine/threonine kinase domain of BMPR2 that were associated with advanced PAH in Japanese patients who were effectively treated with the triple combinatorial therapy.
The diagnosis of idiopathic and heritable PAH was based on the measurements of mean pulmonary artery pressure (mPAP) ⩾ 25 mm Hg at rest, pulmonary artery wedge pressure (PAWP) ⩽ 15 mm Hg and PVR43 Wood units at right heart catheterization (RHC), and the absence of any secondary causes of elevated pulmonary arterial pressure. 13, 14 The genetic analysis of PAH patients was approved by the Ethics Committee at the University of Tokyo Hospital (G10013). Genomic DNA was extracted from the peripheral blood. The mutation analysis of PAH-related genes (BMPR2, ACVRL1, and ENG) was performed using the Sanger sequencing method as previously described. 15 All primer sequences are available upon request. Total RNA was extracted from white blood cells using an RNeasy Mini Kit (Qiagen, Hilden, Germany). First-strand complimentary DNA (cDNA) synthesis was performed using 500 ng of total RNA, random hexamers, and ReverTra Ace (Toyobo, Osaka, Japan). To analyze the splicing patterns, PCR was performed using primers located in exons 8 and 11: forward, 5′-cccatcgagatttaaacagcaga-3′ and reverse, 5′-tgactgttgggctcacagat-3′, respectively. The wild-type PCR product was 567 bp, and the PCR products from the exon 9 and 10 deletion mutants were 419 and 430 bp, respectively. The products were then subcloned into a pMD20T vector using a Mighty TA-cloning Kit (TAKARA, Shiga, Japan) and sequenced for confirmation.
Proband #165 experienced shortness of breath upon exertion at 31 years of age. Echocardiography revealed right ventricular dilatation and septal flattening, and RHC confirmed the presence of pulmonary hypertension with an mPAP of 50 mm Hg. Her mother had died of idiopathic PAH at the age of 34 years; thus, proband #165 was diagnosed with heritable PAH. Acute pulmonary vasoreactivity testing with inhaled nitric oxide (NO) at a concentration of 20 ppm for 10 min was negative, and she was treated with the combination therapy bosentan/macitentan, tadalafil, and beraprost/treprostinil for over 2 years, resulting in a reduction in mPAP to 32 mm Hg ( Figure 1 ).
Proband #Ph7 presented with severe dyspnea and hemoptysis at 27 years of age. She received an infusion of dobutamine and non-invasive positive pressure ventilation for severe cardiorespiratory failure. RHC revealed an elevated mPAP of 92 mm Hg and PAWP of 16 mm Hg. She was treated with the combination therapy macitentan, sildenafil, and i.v. epoprostenol for~2 months, and the follow-up RHC revealed that the mPAP and PAWP decreased to 35 and 4 mm Hg, respectively, without catecholamine support. Her mother died of idiopathic PAH at the age of 46 years; thus, proband # Ph7 was also diagnosed with heritable PAH (Figure 1 ). 1 Proband #687 was a 55-year-old female with no apparent relevant family history. She developed progressive dyspnea at 49 years of age, and RHC revealed an elevated mPAP of 65 mm Hg and a normal PAWP of 8 mm Hg. She was diagnosed with idiopathic PAH, after excluding other possible causes of PAH. She was treated with the combination therapy diltiazem, bosentan, tadalafil/sildenafil, and beraprost/treprostinil for over 5 years, and her mPAP was maintained to below 40 mm Hg (Figure 1 ).
Here, we described three Japanese patients with heritable or idiopathic PAH after the exclusion of other secondary causes of PAH. We performed a genetic analysis for PAH-related genes, including BMPR2, ACVRL1, and ENG, and concluded that intronic mutations, IVS8-6_7delTTinsA (c.1129-6_7delTTinsA) and IVS9-2A4G (c.1277-2A4G), in BMPR2 likely resulted in the PAH phenotypes in probands #165 and #Ph7, respectively. A single-nucleotide deletion (c.1279delG) was concluded to be responsible for PAH in proband #687 (Figure 2a ). These variants were absent from public variant databases such as dbSNP, Exome Variant Server, Exome Aggregation Consortium, or Human Genome Variation Browser.
The two intronic variants located at acceptor splice sites and one single-nucleotide deletion mutation were located in the intracellular serine/threonine kinase domain of BMPR2. To observe the effects of these mutations, we examined the transcriptional consequences using cDNA generated from the messenger RNA of white blood cells. The amplification of exons 8-11 (567 bp) and the direct sequencing of the corresponding cDNA sequence revealed an out-of-frame transcript missing exon 9 in proband #165 (p.Val377GlyfsX48) and an out-of-frame transcript missing exon 10 in proband #Ph7 (p.Glu427SerfsX26) (Figure 2b and c) . These mutant transcripts were much less abundant than the wild-type transcripts.
In proband #687, a direct sequence analysis of the amplified PCR products revealed the existence of two fragments of different sizes; 19 out of 25 clones (76%) were 567 bp in length, corresponding to the wild-type allele, and 6 (24%) were 566 bp in length owing to the loss of one guanine (G) nucleotide at the position 1279 (p.Glu427AsnfsX47) (Figure 2c) .
In this study, we identified three cases of advanced PAH in Japanese patients with novel BMPR2 mutations including two splicing mutations (IVS8-6_7delTTinsA and IVS9-2A4G) and one deletion mutation (c.1279delG). We were only able to perform genetic analyses of the surviving affected patients; thus, we could not show cosegregation with the PAH phenotype. However, all three mutations produced premature termination codons in the intracellular serine/threonine kinase domain, which probably caused the protein to be abnormally shortened or destroyed; thus, we concluded that these mutations were the causes of the heritable PAH.
The penetrance for heritable PAH is low, with an estimated lifetime risk of 20-30%. 16 PAH may be induced by a combination of additional genetic and/or environmental risk factors that make mutation carriers more susceptible to the disease. Sex, pregnancy, altitude, drugs, or other diseases (e.g., collagen diseases) are reported to be involved in the development of PAH.
14 Indeed, female patients are more prone to the development of PAH, and the female/male incidence ratio in PAH patients with BMPR2 mutations is~2: 1. 11 In addition, PAH is more prevalent in young women, and pregnancy often triggers the onset and/or progression of the disease. 17 In the present cases, the patients were all female, but they did not have a history of pregnancy or other known risk factors. Proband #Ph7 received oxygen (7 l/min) and dobutamine (2 μg/kg/min) at the time of the first right heart catheterization. Acute vasoreactivity tests were performed with inhaled nitric oxide. Arrow, proband; Circle, female; Diagonal line, died; Filled, PAH; mPAP, mean pulmonary arterial pressure; PAH, pulmonary arterial hypertension; PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; Square, male.
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The BMPR2 serine/threonine kinase receptor contains an extracellular ligand-binding domain, a transmembrane region, a serine/threonine kinase domain, and a cytoplasmic tail, and previously reported BMPR2 mutations are distributed across all these domains. 9, 10 Recently, Girerd et al. 18 reported that patients with mutations in the cytoplasmic tail of BMPR2 exhibit less severe phenotypes and are more likely to respond to acute pulmonary vasoreactivity testing with inhaled NO and long-term therapy with calcium channel blockers. In the cases presented here, the mutations were all located in the intracellular serine/threonine kinase domain, and the disease activities in the patients were high with negative pulmonary vasoreactivity tests.
Recently, a combination therapy with PGI2 analogs, endothelin receptor antagonists and PDE5 inhibitors has been shown to reduce mPAP and hospitalizations of patients who were previously considered difficult to treat, which has led to an improvement in the overall survival. 19 Patients with PAH carrying BMPR2 mutations can also receive temporal benefits from the combination therapy; 20 however, the daily living abilities (functional performance status) of these patients did not fully recover similar to our present cases. Thus, the relationship between gene mutations and long-term clinical outcomes should be further investigated.
In conclusion, we reported three Japanese cases of advanced PAH with novel BMPR2 mutations. Further analysis is warranted to establish the clinical usefulness of BMPR2 resequencing to clarify the genetic backgrounds in these cases. A  G  C  T  wild  mutant  A T  T  T  T  T  T  T  T  A  A  A  A  C  C  C  C  G  G  G  A A A  T  T  T C  Exon 10  Intron 9   A  G  C  T A  C G  C  C  C  C  C  T  T  A  A  A  A A A  A  wild  mutant  G  G  G  G   wild  mutant   A  G  T A  C G  C  C  C  C  T  T  A  A  A  A  G  G were skipped in the mutant transcripts from probands #165 and #Ph7, respectively. In proband #687, the wild-type transcript was 567 bp in length and the mutant transcript was 566 bp in length because one guanine (G) nucleotide was missing at the third position of exon 10. cDNA, complimentary DNA.
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